Introduction
According to the European Monitoring Centre for Drugs and Drug Addiction, as reported in their 2011 report, 23.2% of European adults (15-64 years old) use cannabis, 4.3% use cocaine, 3.2% use ecstasy, and 3.8% use amphetamines. Although the historic trends show that drug usage appears to be relatively stable in Europe, it still poses significant challenges to public policies aimed at drug use detection. In particular, the new developments in the synthetic drugs market raise concern. The synthetic drugs are difficult to detect and are not subject to current controls. They are also not monitored by public health organizations for drug policies with objectives such as prevention of HIV/AIDS epidemics, overdose deaths and other drug-related health problems. Public policies aimed at reducing the number of offences related to synthetic drug use are still in their infancy.
This paper utilizes a novel data set to investigate the patterns of illicit drug usage across European cities. The basis of our data set is obtained from Thomas et al. (2012) who discuss various (technical) details of how the proxies of drug usage are constructed from wastewater data. We extend their data set in order to analyze the patterns of illicit drug usage with respect to temporal (daily) and spatial (geographical) variations, as well as in relation to economic (gross domestic product, GDP) and criminological (per capita number of drug offences recorded by the police) factors. The first contribution of the paper is to provide a rigorous statistical analysis for this novel data set from Thomas et al. (2012) on illicit drug usage across multiple European locations in 2011.
Wastewater-based epidemiology (WBE) enables retrieving epidemiological information via the analysis of human metabolic excretion products in wastewater. The WBE approach is based on the fact that human urinary biomarkers (such as drug metabolites) resulting from exposure to illicit drugs are collected and pooled by the sewage system. It provides evidence of the amount and type of drug to which a population has been exposed to; see the discussions in Thomas et al. (2012) and Ort et al. (2014) 1 .
The data on illicit drug usage of cocaine, ecstasy, amphetamines, methamphetamines, and cannabis were collected through the WBE analysis applied to wastewater samples from the inlet of 21 sewage treatment plants spread over 11 European countries and 19 cities, covering a population of approximately 15 million inhabitants. In comparison to data based on urine testing and/or self-reported substance use, the data collected from sewage samples is typically more representative of the illicit drug usage of the population in a particular city. Data collected from surveys of individuals who agreed to participate in the survey or particular other categories of the population (for example adults, prisoners, juveniles, etc.) is prone to the self-reported drug use bias. The WBA analysis based on wastewater data is obviously free from this bias. Furthermore, it can be obtained within shorter time frames than the survey data on drug use and can help in identifying a range of illicit drugs usage, see Ort et al. (2014) . A clear overview of drug use in Europe is important because behavioural trends in drug use can be changing quickly. For example, a wider set of substances are used by the consumers (polydrug use) including the combination of illicit drugs with alcohol, medicine and various non-controlled substances. Also, the new psychoactive substances are difficult to detect and not subject to current controls. We therefore conclude that improving data sets and having more insights of drug usage are still of eminent importance. Thomas et al. (2012) discuss in more detail how raw sewage samples were collected via a WBE analysis from the inlet of 21 sewage treatment plants spread over 19 European cities. Samples were collected from each location over seven consecutive days, starting on Wednesday March 9, 2011, and ending on Tuesday, March 16, 2011. From these samples daily loads relative to population (mg/day/1000 inhabitants) were estimated of the illicit usage of cocaine, ecstasy, amphetamines, methamphetamines, and cannabis. For each of these drugs, we obtained potentially a data set of 133 (that is 19 cities times 7 days) observations. For each drug separately, these data were then averaged over all seven sampling days in order to compare illicit drug usage across the nineteen European cities (irrespective of time). Furthermore, for each of these drugs the day-to-day variation of illicit usage was determined by calculating the median over all nineteen cities of the daily drug loads expressed as percentage of the measured total weekly load. The data clearly show that illicit cocaine and ecstasy usage during the weekend is significantly higher than during the week; see Thomas et al. (2012) who attribute this finding to the recreational usage of these substances.
The second contribution of our paper is to provide a more insightful analyis of the illicit drug use patterns across European cities by using advanced statistical methods which are based on linear mixed models; see the textbook treatments of Twisk (2013) and Stroup (2013) . In this advanced statistical framework, for each drug, the nineteen cities with seven repeated observations are analyzed simultaneously.
Linear mixed models provide a framework in which the analysis of drug usage can be embedded into a larger societal context by introducing between-cities factors and covariates into the model. We further investigate the relationships between drug usage and economic and criminological aspects of the nineteen cities involved in the study. The gross domestic product (GDP) is used as a proxy for the economic prosperity in each country, while the per capita number of drug offences recorded by the police is used as a proxy either for drug related criminal activity in each country or for the success the police has in apprehending citizens involved in drug related criminal offences. Our third contribution is to provide a simultaneous analysis to the patterns of illicit drug use with respect to temporal (daily) and spatial (geographic) variations, as well as in relation to economic (GDP) and criminological (per capita number of drug offences recorded by the police) factors. In effect our aim is to contribute to the current policy debates with respect to the reduction of the number of offences related to drug use.
The remaining part of the paper is organised as follows. In Section 2 we present the data. The empirical results of the analyses with these models are presented in Section 3. In Section 4 we discuss and review the results. The adopted methodology of linear mixed models is reviewed and discussed in the Appendix.
Data
In our study to illicit drug use by inhabitant and visitors of European cities, we consider 19 European cities where sewage biomarker data has been collected for the study of Thomas et al. (2012) . The cities are Antwerp and Brussels (Belgium), Zagreb (Croatia), Budweis (Czech Republic), Helsinki and Turku (Finland), Paris (France), Milan (Italy), Amsterdam, Eindhoven, and Utrecht (the Netherlands), Oslo (Norway), Barcelona, Castellon, Santiago, and Valencia (Spain), Stockholm and Umea (Sweden), and London (Great Britain). The repeated measures consist of the within-cities factor "day-of-week" effect (on Wednesday, Thursday , . . . , Tuesday). To obtain some insight of the temporal day-of-week effect, we have taken the average of the standardized usage for each drug and for each day. The results are displayed in Figure 1 . We can learn from the patterns that overall drug usage is concentrated around the days that are associated with the weekend, Friday-Sunday. This pattern especially applies to cocaine and ecstasy. Methamphetamine appears to be used most heavily on Monday. These findings are subject to a variety of factors including time lags that are due to the construction of the wastewater measurements. For example, it could take several hours for wastewater to reach its treatment plant depending on the sewerage system and its length.
For each substance (cocaine, ecstasy, cannabis, amphetamine and methamphetamine, all measured in mg per 1000 inhabitants per day) we also investigated the possible effect of the time-independent factor "City size" and "Region" on drug usage. The motivation for the investigation of the "City size" factor is that larger cities tend to have more and larger industries which also dump wastewater into the sewage system. In addition, larger cities attract more commuters and tourists which may be another cause of the effect that sewage water in larger cities is more diluted than in smaller cities.
The estimation of illicit substance usage from sewage biomarkers in larger cities may therefore be less accurate. The time-invariant factor "Region" should capture the spatial (geographic) variation in patterns of illicit drug usage between Western (United Kingdom, the Netherlands, Belgium, France, Spain) and Eastern Europe (Finland, Sweden, Norway, Czech Republic, Italy, Croatia), taking into account the geographical (but not the political divisions) between West and East. In Figure 2 we present the averages of drug use amongst all cities in the West and East parts of Europe. We can clearly observe that the drug use in the West is much higher overall. While cocaine is relatively the most popular drug in both the West and East, amphetamine is also used rather widely in the West. Furthermore we observe that methamphetamine is relatively popular in the East. The factor "City size" is constructed in the following way. Statistics on city population size and population size of the wastewater treatment plants (WWTP) catchment area were obtained from Ort et al. (2014) . These population statistics -including the year to which they apply -are given in Table 1 in increasing order of population size of the wastewater treatment plants (WWTP) catchment area. As a next step, the 19 cities were assigned to the categories "small", "medium", and "large", as shown in Table 1 , and the latter categorical variable was used to evaluate the possible effect of city size on drug usage.
For each drug, we have evaluated the effect of the "wealth" of the country. The wealth of a nation is a somewhat subjective notion and can be debated to some lengths. We take the time-independent continuous variable gross domestic product (GDP) per capita of the country in which the city is located as a proxy of the wealth of the city. The GDP per capita data for the year of 2011 has been obtained from Eurostat, and are given in the second column of Table 2 .
Finally, we also investigated the possible effect of the continuous time-independent covariate "average number of drug offences per million inhabitants" in each country. The most recent statistics on the total number of drug offences recorded by the police in each country were obtained from the crime statistics published at www.europeansourcebook.org 2 . The ratio of the total number of drug offences recorded by the police and the country population statistics was then used as a measure of the "number of police recorded drug offences per million inhabitants" in each country. This data is collected in Table 2 and it includes the year for which the total population statistics apply.
Results
We have carried out the statistical analyses based on different specifications of the mixed linear models that are reviewed in the Appendix. We have treated the data as repeated measures over seven days of the week, starting on Wednesday, for the 19 cities in our sample. A number of entries are missing. In contrast to a repeated measures ANOVA analysis, linear mixed models are well capable of handling such missing data. We have considered different covariance structures for the disturbances associated with the n = 19 cities in our sample. In particular, we have adopted covariance matrices with a compound symmetry (CS) structure, an AR(1) structure, and a Toeplitz (TP) structure for the disturbances of the within-cities factor "Dayof-week". The mean equation of the model includes the between-cities factors "City size" and "Region" together with time-independent covariates "GDP" and "Number of drug offences". This resulting linear mixed model has then be adopted for the analysis of our data set for the five drug substances cocaine, ecstasy, cannabis, methamphetamine and amphetamine, all measured in mg per 1000 inhabitants per day. The estimation results are summarized in terms of their loglikelihood values (scaled by −2) and the Akaike information criterion (AIC) for the three covariance structures in Table 3 . As we have discussed in our treatment of linear mixed models in the Appendix, the CS and AR(1) models are not nested. Hence we need to compare their corresponding AIC values in order to establish which model yields a better fit. However, the TP and CS covariance specifications, on the other hand, are nested. We therefore can compare the fits corresponding to these two specifications by means of the likelihood ratio test. Overall we may conclude that the Toeplitz structure provides the best fit after allowing for the number of parameters. A possible exception is the analysis for cannabis where the more parsimonious AR(1) structure provides the smallest AIC value but the difference with TP is small. A more detailed analysis of the results in Table 3 and the parameter estimation results for each drug are presented and discussed in the remaining part of this section. 
Cocaine
The sewage data entries for cocaine usage in our 19 cities during 7 days are missing for Sunday in Turku, for Monday and Tuesday in Amsterdam, for Wednesday in Utrecht, for Monday in Santiago, and for Saturday in London. Hence we yield a total of 127 (= 19×7−6) observations.
To select the appropriate covariance structure in the linear mixed model for cocaine, Table 3 reports a better AIC fit for the CS than the AR(1) specifications. The TP and CS covariance structeres are nested and we can compute the likelihood ratio (LR) test statistic as 1654.994 − 1627.620 = 27.374 for comparing the two specifications. Under the null-hypothesis of no difference in fit, the LR statistic is χ 2 -distributed with 19 − 14 = 5 degrees of freedom.
The corresponding p-value is given by χ 2 (0.05;5) (27.374) = 0.000 and hence we conclude that the TP model yields the best fit for the cocaine sewage data. This is also confirmed by the AIC values for these two models: the AIC value for the TP model is smallest for cocaine in Table 3 .
The F -tests for the fixed main effects of the Toeplitz model are given in the bottom panel of Table 4 . We confirm that the omnibus F -test for the Day-of-week factor is highly significant, which implies that some days of the week are different on average from other days of the week. The contrasts for the Day-of-week factor are given in the top panel of Table 4 . When using Tuesday as reference category, we observe that the mean cocaine usage on Saturday and Sunday is significantly larger than the usage on Tuesday.
The time-independent factor City size is not significant, nor are the effects of the timeindependent covariates Number of drug offences and GDP. On the other hand, the timeindependent factor Region is significant, see Table 4 . The value of 860.908 for the contrast for Region implies that -keeping all other independent variables constant -the usage of cocaine in the Western European countries is about 861 mg per 1000 people per day higher than that in the Eastern European countries, taking into account the geographical and not the political division between West and Eastern Europe. In particular, the highest values (>1000 mg/1000 inhabitants/day) were observed in the United Kingdom, the Netherlands, Belgium and Spain, whereas the lowest values (<200 mg/1000 inhabitants/day) were observed in Croatia, Czech Republic, Norway, Sweden and Finland. A clear geographical difference in cocaine usage between Western and Eastern Europe, with higher use in Western Europe, has also been found by Ort et al. (2014) . Adding a first-order interaction effect for Day-of-week by City size and Day-of-week by Region to the previous Toeplitz covariance main effects model yields a value of 1394.212 for −2 times the loglikelihood with 30 parameters. Comparing these two nested models with the likelihood ratio test, we obtain 1627.620−1394.212 = 233.408. Since -under the null-hypothesis of no difference in fit -the LR statistic is χ 2 distributed with 37 − 19 = 18 degrees of freedom and with its p-value given by χ 2 (0.05;18) (233.408) = 0.000. We can conclude that the TP model with interactions yields a significantly better fit than the TP model without interactions. This is also confirmed by the value of the AIC which is now 1408.212, a much smaller value than for the main effects model.
The results of this final analysis are given in Table 5 . It becomes clear from these results that the interaction for Day-of-week by City size is not significant. On the other hand, the interaction of Day-of-week by Region is significant. This is mostly due to the fact that the difference between cocaine usage on Saturday and Sunday and the rest of the week is much more pronounced in the Western than in the Eastern European countries, see Figure 3 . 
Ecstasy
We have no sewage data entries for ecstasy usage in the cities of Oslo, Castellon, Stockholm, and Umea. For the remaining 15 cities, data for ecstasy usage are missing on Sunday in Turku, on Monday and Tuesday in Amsterdam, on Wednesday in Utrecht, on Monday in Santiago, and on Saturday in London. Moreover, for its six non-missing observations we have encountered that the city of Utrecht is an outlier that completely dominates the analysis. As mentioned in Thomas et al. (2012) , the extremely high scores on ecstasy usage in this city are related to the dismantling of an illegal ecstasy production facility at the time the sewage samples were taken. After removing Utrecht from the analysis, we have analyzed the remaining 93 observations and have obtained the results presented in Table 3 . In terms of the AIC values for the non-nested CS and AR(1) models, we can conclude that the AR(1) covariance structure is preferred. When we consider the LR test statistic for the nested TP and AR(1) covariance models, we have 757.123 − 738.024(T P ) = 19.099 which, under the null-hypothesis of no difference, is χ 2 -distributed with 19 − 14 = 5 degrees of freedom with its p-value given by χ 2 (0.05;5) (19.099) = 0.002. We can conclude that the TP covariance structure yields the best fitting model. This is also confirmed by the AIC values for the models, see Table 3 .
The estimated fixed effects for this model are presented in the bottom panel of Table 6 . The very significant effect for the factor Day-of-week is prominent. The estimated contrasts for the factor Day-of-week are given in the top panel of Table 6 . When using Tuesday as reference category, the significant omnibus F -test for Day-of-week is probably due to the fact that the ecstasy mean estimate for Sunday is significantly higher than the mean esimates for the other days of the week; see also Figure 1. The main effect of City size on ecstasy drug usage is significant, whereas the effect of Region is not, see Table 6 . The significant effect of City size may be due to the usage of ecstasy being 24.35 mg per 1000 inhabitants per day higher for medium-sized cities compared to the usage of ecstasy in large cities (the reference category). The effect of covariate GDP on ecstasy usage is also significant. Since the estimated regression coefficient for GDP equals the positive value of 0.002 and is significant, the usage of ecstasy increases when the wealth of a country increases. In particular, when keeping all other variables constant, an increase of 100 euro in the GDP per capita leads to an increase in usage of ecstasy by 0.2 mg per 1000 inhabitants per day. The effect related to the number of drug offences is negative and significant. The estimated regression coefficient of −0.007 implies that an increase of 100 police recorded drug offences per million inhabitants in a country is associated with a decrease in ecstasy usage of 0.7 mg per 1000 inhabitants per day. The causality related to this effect can be viewed in different ways. When more drug related offences are treated by the police, the opportunities for ecstasy usage become less due to supply problems. On the other hand, when drug related offences are not treated very heavily by the police, it may reflect a more liberal attitude to drug usage. Hence drugs become socially more acceptable and its usage more widespread. To verify whether the interactions for Day-of-week versus City size and Day-of-week versus Region have a role to play in our analysis of excstasy usage, we have estimated the parameters of the same model but with these interactions included as well. The results are presented in Table 7 . From the relatively high p-values, we can conclude that both interactions do not play a significant role in our analysis of ecstasy usage.
Cannabis
The cities of Antwerp, Brussels, Helsinki, Turku, Oslo, Stockholm, Umea, and London have not provided the sewage entries for cannabis usage. For the remaining 11 cities, data for cannabis usage are also missing for Monday and Tuesday in Amsterdam, for Wednesday in Utrecht, and for Monday in Santiago. Hence we only have 73 (= 11 × 7 − 4) observations available for our analysis of cannabis usage. We have estimated the parameters in the model specifications with CS, AR(1) and TP covariance structures. The goodness-of-fit results are presented in Table 3 . Comparing the AIC criteria of the non-nested AR(1) and CS covariance models, we can conclude that the AR(1) model yields the smallest AIC. The difference in (scaled) loglikelihood values between the nested AR(1) and TP models is 633.414 − 626.681 = 6.733 which, under the null-hypothesis of no difference in fit, is χ 2 -distributed with 19 − 14 = 5 degrees of freedom.
The corresponding p-value is χ 2 (0.05;5) (6.733) = 0.241 and we therefore conclude that the AR(1) covariance structure yields the best fitting model. This is confirmed by the AIC values for the two models which is smaller for the AR(1) model as well.
The estimation results for the fixed main effects are presented in Table 8 . None of the main effects for Day-of-week, City size, Region, GDP, and Number of drug offences are estimated as significant, irrespective of the covariance structure used, that is CS, AR(1) or TP. We suspect this result is due to the relatively small sample size of 73 observations from which 14 parameters need to be estimated. For our preferred covariance structure, this is the AR(1) specification, the main estimation results are given in Table 8 . We do not present the estimations results for the models with the interaction effects for Day-of-week by City size and Day-of-week by Region included. These results would have been based on less than 5 observations per estimated parameter and we have concluded that this is too small. 
Speed drugs : methamphetamine and amphetamine
The data for methamphetamine (METH) usage -as measured in mg/day per 1000 inhabitants -are not available for the cities of Brussels, Zagreb, Turku, Paris, Amsterdam, Eindhoven, Utrecht, and Castellon. For the remaining 11 cities, we have missing entries for Monday in Santiago and for Saturday in London. The number of observations 75 = 11 × 7 − 2 is also small in this case. The best fitting covariance structure which is the Toeplitz model as we have concluded from the general discussion for Table 3 . The corresponding estimation results are presented in Table 9 . We find that the estimated factors Day-of-week and Drug offences are not significant. However, the effect of City size is highly significant. This result may be due to the fact that METH usage in medium-sized cities is significantly larger than that in large cities which is the reference category. The effects of Region and GDP on METH usage are only marginally significant. There is some indication that METH usage is smaller in West than in East European countries while higher METH usage is associated with lower GDP. In the analysis of Ort et al. (2014) , differences in METH usage in Eastern and Western Germany are found. When we account for the interaction effects between Day-of-week and City size and Dayof-week and Region, we find significant interaction effects for the Day-of-week and City size. However, due to the small sample size relative to the large number of estimated parameters, that is 75 observations for 37 parameters, these findings may not be very stable. Hence we do not consider these results further. For the usage of amphetamine (AMPH), we have obtained very similar results as those obtained for cannabis and therefore we do not discuss these results here.
Discussion
For our data set of sewage data from 19 European cities, the average amount of cocaine found in the sewage samples is significantly larger on Saturday and Sunday when compared to other days of the week. For the 14 cities from which ecstasy measurements were taken of the sewage samples, the average amount of ecstasy is significantly larger on Sunday than on any other day of the week. For the other drugs, no significant differences in usage are found between the days of the week. Our analysis provides a solid statistical basis to confirm this conclusion that was also found by Thomas et al. (2012) : cocaine and ecstasy are typically recreational drugs.
An effect of city size, measured by the size of the population of the wastewater treatment plants catchment, is found in the usage of ecstasy and methamphetamine. The medium-sized cities of Eindhoven, Olso, Zagreb, Amsterdam, Paris, and Helsinki have significantly higher usages of these two drugs than the large cities of Brussels, Barcelona, Milan, Valencia, and London.
Significant regional (spatial) effects are found in the usage of cocaine. The usage of cocaine in the Western European countries is about 861 mg per 1000 people per day larger than the usage of cocaine in the Eastern European countries, taking into account the geographical and not political division between West and East. In particular, the highest values (>1000 mg/1000 people/day) were observed in the United Kingdom, the Netherlands, Belgium and Spain, whereas the lowest values (<200 mg/1000 people/day) were observed in Croatia, Czech Republic, Norway, Sweden and Finland. A clear geographical difference in cocaine usage between Western and Eastern Europe, with higher usage in Western Europe, has also been found by Ort et al. (2014) .
With respect to the effect of the economic situation on drug usage in a country, a positive relation is found between GDP and the usage of ecstasy, in the sense that countries with a higher GDP are associated with the usage of larger amounts of ecstasy. On the other hand, a negative relation is found between GDP and the usage of methamphetamine, in the sense that countries with a higher GDP are associated with the usage of lower amounts of methamphetamine. For methamphetamine this relation is only indicative (p = 0.067), while it is significant for ecstasy (p = 0.035). For cocaine, cannabis and amphetamine such relation is not found.
We have observed a significant negative relationship between the per capita number of drug offences registered by the police in a country and the usage of ecstasy, in the sense that higher numbers of per capita police-recorded drug offences in a country are associated with the usage of smaller amounts of ecstasy. This seems to imply that the more successful the police are in the apprehension of citizens involved in drug related criminal offences in a country the smaller the usage of illegal drugs is, at least as far as ecstasy is concerned. For cocaine, methamphetamine, amphetamine, and cannabis we have not found such relation. the subject must be completely dropped from the analysis. In this way, we need to remove data unneccessarily. This is a rather inefficient approach, especially as so much time and (financial) effort is given to collect the data set.
Another important restriction of repeated measures ANOVA can be described as follows. The treatment of the time dependencies in repeated measures ANOVA can only be handled in the following two ways. The first option is to assume a completely unrestricted covariance structure for the residuals of the repeated measures. To discuss this option in more detail, let n denote the number of repeated measures in the analysis. Consider the case of n = 4, for example, the unrestricted covariance matrix can be written as setting the number of parameters can exceed half of the total number of observations. This will result in various sorts of convergence issues in its implementation. In all analyses we used the so-called Satterthwaite approximation to the degrees of freedom. It implies that the degrees of freedom can vary across tests. This can be useful for smaller sample sizes, unbalanced data or more complicated covariance structures.
For further details on linear mixed models we refer to Twisk (2013) and Stroup (2013) .
